Abstract. In this contribution, two experimental techniques to study the dynamic shear behaviour of metals are presented and applied to Ti-6Al-4V. For bulk materials hat-shaped specimens are subjected to a high-strain-rate load in a split Hopkinson compression bar set-up. For sheet materials a purpose-developed, novel shear specimen geometry, is loaded in a Hopkinson tensile bar set-up. The value of both techniques to assess the dynamic material behaviour is discussed. The experiments are optimized by means of numerical simulations. Digital image correlation is used to extract the specimen deformation from high speed camera recordings. It is shown that the dynamic behaviour, including fracture of Ti-6Al-4V differs considerably from the static behaviour. Both experimental techniques gain complementary information.
Introduction
There are many applications where metals are dynamically loaded in shear (e.g. machining, punching, impact...). Moreover, ductile metals basically deform plastically in shear, regardless the loading mode. Therefore, shear tests are an obvious way to study material behaviour. Furthermore, characterization of the material behaviour by shear testing yields some distinct advantages over the more frequently used uni-axial tensile and compression tests. In general, larger strains are reached in shear tests, by which better material modelling can be achieved.
The behaviour of dynamically loaded metals is different from the static loading case. For example, most materials show a higher ultimate strength when dynamically loaded. Also the failure mode can be affected by the strain-rate. This is the case for the titanium alloy Ti-6Al-4V which is known to be very sensitive for the formation of adiabatic shear bands (ASB) and subsequent failure [1, 2] . This is mainly due to its low density and heat conduction. ASBs are a thermodynamic phenomenon during which large deformations are observed in a narrow band (typically 5µm to 100µm) of the material at high strain-rates.
Special experimental techniques have been developed to study the high-strain-rate behaviour of metals. Two different experimental techniques have been evaluated in this contribution. Therefore, dynamic and static experiments on Ti-6Al-4V have been carried out. The dynamic and static behaviour of the material is compared. Numerical simulations in Abaqus/Explicit have also been performed to gain insight in the experiments and to optimise the used specimen geometries.
Experimental Techniques
Hopkinson technique. The split Hopkinson bar technique is ideally suited for dynamic compression and tensile tests. A small specimen is placed between two Hopkinson bars ( Fig. 1 and Fig. 2 ). Several specimen geometries are possible, dependent on the type of experiment. For the shear experiments presented here, hat-shaped (Fig. 1 ) specimens and sheet shear specimens (Fig. 2) are used. A loading wave ε i , generated in the input bar by impact of a projectile, propagates along the bar towards the specimen. This wave interacts with the specimen and is partly reflected back into the input bar (ε r ) and partly transmitted into the output bar (ε t ). These three waves (ε i, ε r and ε t ) are measured by means of strain gages on the Hopkinson bars. From those waves, the total force and the relative displacement of the specimen-bar interfaces can be determined. Hat-shaped specimens. For testing bulk metals, hat-shaped specimen can be used. In this axissymmetric specimen, shear strains are concentrated in a narrow zone. Figure 1 shows the specimen between the two Hopkinson bars. The specimen can be divided into three regions: the upper "hat" part, the lower "brim" part and the shear region in between where high shear strains develop. The region with high shear strains is marked with arrows. Grease is used to reduce friction and to stick the specimen to the bars. Interrupted experiments are possible by placing a stopper ring (SR) on top of the specimen (Fig. 1) . In this way, deformation of the specimen is limited to the width of the gap.
The hat-shaped specimen was originally proposed by Meyer and Manwaring in 1986 [3] . This kind of specimen was recently used by several researchers [4] [5] [6] [7] [8] [9] [10] . All listed researchers use different specimen dimensions. It is however known that the specimen dimensions affect the stress conditions in the shear region. The test results are therefore not only material dependent but also dependent on the precise dimensions of the specimen. Results from different studies must thus be compared with great care. A preliminary study based on numerical FE simulations and experimental results was conducted to gain more insight into the effects of the specimen geometry [11] . The main conclusions of this study are: 1. the dimensions and in particular the shear region width and rounding of the corners have a very pronounced effect on the stress state, 2. a pure-shear stress state and a homogeneous stress distribution cannot be accomplished together, 3. determination of the average stress is only possible for specimens where the diameter of the hat is slightly larger than the diameter of the brim, 4. determination of the shear strain is not straightforward. Simulations are also used to determine the best specimen dimensions with respect to the stress homogeneity and possibility to determine the stress in the specimen during a test.
The main advantages of the hat-shaped specimen are that materials are forced to shearing failure and that the deformation is concentrated in a very narrow region which means that very high shear strain-rates are automatically obtained. The technique is thus very suited to study the formation of adiabatic shear bands. In addition, the experiment can easily be interrupted by use of the stopper ring so that it is possible to study the shear band and the fracture at different levels of deformation.
The disadvantages of the hat-shaped specimen are found in the complex, specimen dimension dependent stress state in the shear region and the impossibility to observe the shear region during the experiment because of its subsurface location.
Sheet shear specimens. A novel sheet shear specimen geometry has been developed using finite element simulations. The specimen is optimised to be appropriate for dynamic testing and to have a pure-shear stress state in the shear region. The specimen does not require a special clamping system. In this way, sources of error due to inertia of the clamps, early rupture and buckling at the borders of the shear region and deformation under the clamps are avoided. The shear specimen is shown in Fig. 2 . 
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The novel feature of this geometry is found in the eccentric position of the notches of the shear region. The centres of the notches do not coincide with the central axis of the specimen. The effect of the eccentric notch position is a compressive stress in the shear region compensating for the tensile stress caused by elastic deformation of the material adjacent to the shear region. Indeed, if the notches are placed symmetrically, the stress state in the shear region is a combination of shear and tension. The stress triaxiality, the ratio of the hydrostatic stress to the equivalent stress, can be used to assess the degree in which pure-shear is obtained (triaxiality=0 for pure-shear). The amount of eccentricity necessary to have a pure-shear stress state dependents on the overall specimen geometry and the mechanical properties. For example, a stiff material (high Young's modulus) will usually require a lower eccentricity than a material with low modulus because the elastic deformation of the specimen outside the shear region is lower.
The simulations show that for the Ti-6Al-4V an eccentricity of 1mm reduces the stress triaxiality to an acceptable level. The average value of the triaxiality in the shear region and during the experiment is ±0.1 for the symmetric specimen and ±0.02 for the eccentric specimen. Moreover, after the initial elastic part, the triaxiality in the eccentric specimen is less dependent on the deformation.
The experiment is filmed with a frame rate of 37500fps with a Photron ultima APX RS highspeed camera. The resolution of the images is 256x192 pixels. Two images corresponding with a displacement of 0.3mm and 0.69mm are presented on the first row of figure 3 . The second row of figure 3 shows the FE-simulation of the deformed specimen. The simulated deformation of the geometry of the notches clearly matches with the experimental one.
U=0.3mm U=0.69mm Digital Image Correlation (DIC) is used for validation of the simulations. Therefore, a fine speckle pattern is put on the specimen. The resulting logarithmic shear strain is shown on the last row of figure 3 . There is good agreement between the simulated and experimental strains. In the beginning of the experiment, the simulated strain is higher than the experimentally observed strain. At the end of the experiment the opposite is true. The ultimate local shear strain is more than 20% which is higher than in tensile tests of this material (±15% of tensile strain).
It can be concluded that the planar test specimen does not have the disadvantages of the testing technique with hat-shaped specimens: the shear region can be observed during the experiment, the specimen is easier to manufacture and the results are thus more reproducible and the stress state is almost pure-shear which is definitely not the case in the hat-shaped specimen.
Dynamic behaviour of Ti-6Al-4V
Dynamic and static experiments have been carried out on the Ti-6Al-4V alloy with the two different experimental techniques. The displacement speed is approximately 1500mm/s for the dynamic hatshaped specimen experiments and 3000mm/s for the sheet shear specimens. The hat-shaped samples are carefully machined from extruded bars of 16mm diameter with the composition published in [2] . The sheet shear specimens are cut from a 0.6mm thick rolled sheet provided by TIMET ® . Figures 4 and 5 show the typical static and dynamic behaviour of this material, tested with the two different techniques. The results of both testing techniques have in common a higher ultimate strength and a lower maximal deformation in the dynamic test compared with the static test. The energy absorption capacity of the dynamically loaded titanium is lower than when it is statically loaded. A difference between the two techniques is that the strain is much more homogeneous distributed in the test with the sheet shear specimen, which makes this technique the most suitable for material model identification. The shear strain is more localized in the testing technique with hat-shaped specimens what inevitably leads towards the formation of an adiabatic shear band in the titanium. The adiabatic shear band is not a failure mode as such but it is a precursor to failure. Interrupting the experiments at different levels of deformation combined with post-mortem microscopic observation of the shear region, allows to study the evolution from the shear band towards fracture. Fig. 7 shows an illustration of the observed crack formation. The arrows represent the direction of the deformation. Pictures are also added to Fig. 7 to illustrate the process. The shear band formed in Ti-6Al-4V is a very narrow structure which has a width of only 5-10µm. Micro-cracks (voids) grow and rotate together with the grains during deformation of the titanium. When the deformation proceeds, larger cracks are formed by coalescence of the small micro-cracks. Further deformation of the specimen is followed by friction of the crack surfaces which can eventually lead to melting of the titanium and destruction of the shear band. Interrupted experiments are thus necessary to be able to study the shear band.
Conclusion
High-strain-rate shear experiments have been carried out on Ti-6Al-4V. Thereby, two different techniques have been used: hat-shaped specimens for titanium in bulk form and flat shear specimens for sheet material. Numerical FE-simulations and digital image correlation was used to assess the performance of both techniques. The experimental results illustrate the effects of strain-rate on the materials behaviour. Different aspects of the high-strain-rate behaviour are obtained by the two techniques. Thanks to the narrow shear zone and the straightforward way to interrupt the experiments, the tests with hat-shaped specimens are very suited to study the formation of shear bands and the evolution towards fracture. The technique with the sheet specimens is however better to identify material model parameters because of the pure-shear and uniform stress state.
